Abstract OBJECTIVE: Anomalous right coronary artery arising from the left sinus (ARCA) is a known cause of sudden cardiac death, particularly in young athletes. Surgery is recommended for all adult patients who are symptomatic or who have evidence of exercise-induced myocardial ischemia. Surgical options include coronary artery bypass grafting (CABG) and anatomic correction by unroofing the ostium or by reimplanting the ostium into the right sinus of Valsalva. We describe the rationale and technique of a minimally invasive right thoracotomy approach for correction of ARCA.
INTRODUCTION
Coronary anomalies are among the known causes of sudden death in young athletes [1, 2] . Anomalous right coronary artery from the left sinus of Valsalva (ARCA) is known to cause intermittent ischemia, myocardial infarction, and sudden death [1] [2] [3] [4] [5] . The accepted therapy for individuals with symptoms or evidence of exercise-induced myocardial ischemia is surgery [6, 7] . Surgical options include unroofing of the intramural portion of the aberrant artery, reimplantation of the ostium into the appropriate sinus, and coronary artery bypass grafting (CABG) [4, [7] [8] [9] . Most reports of CABG have described a surgical approach with sternotomy and cardiopulmonary bypass (CPB). However, we theorized that single-vessel bypass into a normal distal artery should lend itself to a minimally invasive approach. Izhar et al. [10] described the first patient with ARCA operated upon using a minimally invasive right coronary artery bypass (MIDCAB) technique. The operation was performed through a small anterior right thoracotomy without the aid of CPB. To our knowledge, this remains the only description of this technique in patients with ARCA. We describe our experience with four patients with ARCA who underwent a right-sided MIDCAB (RIMA to RCA) with ligation of the proximal RCA at our institution over the last 3 years.
METHODS
Mount Sinai participates in a mandated, prospective, audited, electronic database run by the New York State Department of Health (NYSDOH), which includes all patients undergoing openheart surgery at the institution. A retrospective review of 17 patients undergoing cardiac surgery for anomalous coronary artery between March 2008 and October 2010 at Mount Sinai Medical Center revealed nine patients who underwent surgery for ARCA. Four of these patients had a MIDCAB approach and are the subject of this report. Medical chart review and records from patient visits and referring physicians allowed for the collection of additional data. This review was conducted with permission from the institutional review board, and data were managed according to their guidelines. Individual consent was waived. Exposure of individually identifiable personal health information was prohibited.
TECHNIQUE
Selection criteria for the MIDCAB approach included lack of chestwall deformity, morbid obesity, and previous right chest surgery or associated atherosclerotic coronary artery disease. The patients were intubated with a dual-lumen tube and one-lung ventilation was employed. A 5-7-cm incision was made in the right inframammary crease about 3-4 cm lateral to the sternal edge. The chest cavity was entered through the fifth intercostal space. A MIDCAB retractor (Medtronic, Minneapolis, MN, USA) was used. The RIMA was identified at the medial end of the incision and harvested all the way to the level of the subclavian vein using a skeletonization technique. The pericardium was opened anterior to the phrenic nerve and the visible area of the atrioventricular (A-V) groove was stabilized using a mechanical stabilizer (MAQUET Cardiovascular, Wayne, NJ, USA). The patient was given 3 mg kg −1 of heparin to attain an activated clotting time (ACT) > 300 s. The RCA was dissected and controlled proximally and distally with silastic tapes. A longitudinal arteriotomy was made in the RCA, and an intracoronary shunt was introduced. The tapes were then released restoring blood flow. The RIMA was then anastomosed to the RCA using a running suture technique with 7/0 prolene (Ethicon, Somerville, NJ, USA). Flow was checked using transit-time ultrasound. Protamine was administered to reverse heparin. Finally, the proximal RCA was ligated using zero silk. The pericardium was loosely reapproximated after a soft Blake drain was placed. A single chest tube was inserted followed by standard chest closure.
RESULTS

Demographics
There were two male and two female patients. The average age of the patients was 55.3 ± 4.8 years with a range of 50-61 years ( Table 1) . None of the patients had a previous myocardial infarction though one patient had additional atherosclerotic lesions. One patient each had a previous stroke and a previous episode of congestive heart failure ( Table 2 ).
Presentation
All of the patients were symptomatic. Three of them presented with chest pain and one with syncope. One patient also had dyspnea, and one had palpitations in addition to chest pain (Table 1) . Risk factors for atherosclerosis included hypertension in three patients (75%), diabetes in two patients (50%), and hyperlipidemia in two patients (50%). Other co-morbid conditions included asthma in one patient (25%), human immunodeficiency virus (HIV) in one patient (25%), and gastroesophageal reflux disease (GERD) in one patient (25%) ( Table 2 ).
Investigations
Two of the patients were referred after positive exercise-stress exams. All patients underwent coronary angiography and computed tomography (CT) angiography ( Figs. 1 and 2 ). Preoperative transthoracic echocardiography was performed in one patient (Table 3) .
Post-operative course
One patient (25%) developed a hemothorax that required thoracoscopic drainage. One other patient (25%) was converted to a sternotomy approach because adequate stabilization of the acute margin could not be achieved. Mean follow-up is 14 months (range 5-37 months). All patients are alive and asymptomatic. One of the patients had a postoperative CT angiogram that demonstrates a patent RIMA-to-RCA graft with proximal ligation of the RCA (Fig. 3) . 
DISCUSSION
The management of patients with ARCA is controversial. In adults, because of the reduced risk of sudden death with age [11] , surgery is recommended only for patients with symptoms or for those who have demonstrable ischemia on exercise testing even in the absence of symptoms. However, sudden death may be the presenting symptom, and sudden death has occurred in patients who had a prior negative exercise-stress test [6, 7, 12] . In a blinded pathologic analysis of 30 consecutive cases of anomalous coronary origin, Taylor et al. [11] found no significant differences in length of aortic intramural segment, coronary ostial size, degree of displacement of the ostium from the correct sinus, or angle of take-off between patients with and without sudden death. Age over 30 years was the only variable associated with a decreased risk of sudden death. Risk stratification for sudden death using anatomical features is therefore not possible in this group of patients. Several procedures have been described for the correction of ARCA. However, this is a rare entity, and the literature consists of small series of patients. Surgical options include unroofing of the coronary artery in its intramural portion, reimplantation of the coronary ostium into the appropriate sinus, and CABG [4, [7] [8] [9] . Unroofing and reimplantation are anatomic corrections of ARCA, but the long-term fate of the neo-ostium is undetermined [7, 13] . Unroofing carries the additional possibility of injury of the aortic valve [7] , and reimplantation is technically challenging with an intramural aberrant artery [14] .
Traditionally, the surgical approach for all of these procedures has involved a full sternotomy and the use of CPB. In recent years, CABG has evolved to include various minimally invasive, non-sternotomy, and off-pump approaches. In this context, Izhar et al. [10] presented a case of ARCA treated with a right-sided MIDCAB. They proposed that this approach has the advantages of a shorter hospital stay and the avoidance of CPB and sternotomy. It is our belief that as ARCA is characterized by a normal distal artery and the need for a single-vessel bypass, it lends itself very well to a MIDCAB approach.
In our series, we found that while the technique is feasible, reproducible, and safe, there are challenges particularly with adequate stabilization of the acute margin of the heart. We had excellent visualization of the vessel, and the skeletonized technique of harvest left us with excellent mammary length for the anastomosis. We used an intracoronary shunt in all patients to avoid the complete heart block that almost invariably follows the acute interruption of normal blood flow in the RCA. The one patient who was converted to sternotomy had difficult stabilization that prevented a careful anastomosis from being performed. While it would have been technically feasible to extend the incision and place the patient on bypass from the right chest, it was felt that a sternotomy would be the best approach for this patient.
Several reports have indicated a high rate of graft failure due to competitive flow from the native vessel when a RIMA-to-RCA graft is constructed for ARCA [4, 9] . Solutions proposed for this problem include the use of vein grafts and the proximal ligation of the RCA [15, 16] . We have been unwilling to use vein grafts because of the known long-term issues with vein-graft patency in traditional CABG. Proximal ligation of the RCA interrupts native blood flow and avoids competitive flow but commits the patient to long-term reliance on bypass-graft patency. While the long-term patency of internal mammary grafts in conventional CABG has been excellent [17] , there is little long-term data for ARCA. In our patients with a maximum follow-up of 37 months, there has been no recurrent ischemia.
In summary, a right MIDCAB approach is safe, feasible, and reproducible in the management of appropriate patients with ARCA.
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We have had this experience in a group of patients that we have reported previously [2] . We had two situations where internal mammary arterial bypasses had been performed and unfortunately both became atretic. They still required the standard operation which is unroofing in one case and transposition in the other to solve the situation. Subsequent to that publication, we have had two other similar circumstances. Therefore, we would conclude that internal mammary arterial bypass is not the appropriate approach for this disorder.
